Background--Lipocalin-2 is a proinflammatory adipokine upregulated in obese humans and animals. A pathogenic role of lipocalin-2 in hypertension has been suggested. Mice lacking lipocalin-2 are protected from dietary obesity-induced cardiovascular dysfunctions. Administration of lipocalin-2 causes abnormal vasodilator responses in mice on a high-fat diet (HFD).
H uman lipocalin-2, also called neutrophil gelatinaseassociated lipocalin, is a 25-kDa protein originally purified from the exocytosed material of neutrophils and partly associated with the gelatinase, matrix metalloproteinase 9 (MMP9). 1 It belongs to the functionally heterogeneous family of lipocalin proteins, which bind and carry small molecules to specific target cells. 2 In obese human subjects and animals, the circulating concentration of lipocalin-2 is augmented and positively correlated with body-fat mass, arterial blood pressure (ABP), insulin resistance index, and abnormal lipid profiles. 3 Because lipocalin-2 is produced by adipose tissue, it is regarded as an adipokine. [3] [4] [5] In mice, deficiency of this adipokine protects against the development of endothelial and cardiometabolic dysfunctions associated with genetic or dietary obesity. [6] [7] [8] In mice fed a high-fat diet (HFD), administration of recombinant lipocalin-2 protein promotes endothelial dysfunction and induces adipose tissue inflammation. 6 ,7 An augmented lipocalin-2 level is likely to play a causative role in obesity-related cardiovascular complications, including hypertension and heart disease. 3, 9 Despite this information, the mechanisms responsible for the elevated circulating level of lipocalin-2 in obese subjects remain largely unknown. Moreover, it is not clear whether or not this adipokine exerts direct effects on the arterial wall leading to endothelial dysfunction. Endothelial dysfunction occurs at the early stages of obesity and promotes the development of cardiometabolic complications. 3, 10, 11 Obesity impairs endothelium-dependent vasodilator responses to shear stress, insulin, and other neurohumoral mediators. 12 By contrast, weight loss in obese human subjects substantially improves endothelial function. 13, 14 The endothelium of obese subjects is exposed directly to elevated lipid levels (including free fatty acids, triglycerides, and low-density lipoproteins [LDLs] ). In particular, circulating nonesterified free fatty acids (NEFAs) play a key pathogenic role in obesity-induced endothelial dysfunction. [15] [16] [17] [18] [19] It is not known whether or not lipocalin-2-evoked endothelial dysfunction is related to NEFA-mediated lipotoxicity under obese conditions. The present study demonstrates that lipocalin-2 is polyaminated and rapidly cleared from the circulation. NEFAs upregulate and activate lipocalin-2 by promoting its deamidation. The deamidated lipocalin-2 accumulates in arteries, inducing endothelial dysfunction and causing elevated ABP. These lines of evidence collectively reveal a novel mechanism underlying obesity-induced endothelial dysfunction and hypertension, which involves lipid-mediated activation of an inflammatory adipokine, lipocalin-2.
Materials and Methods

Experimental Design
The present study investigated the mechanisms underlying upregulated lipocalin-2 and the cause-effect relationships with endothelial dysfunction and hypertension in obese animals. Data comparisons were performed between mice fed with standard chow and HFD, or between mice with and without lipocalin-2 expressions, or among different treatment conditions (vehicle, lipocalin-2 protein, linoleic acid [LA] , and lipocalin-2 plus LA) in age-matched mice under the same type of diet.
Animal Studies
All the animal experimental procedures were approved by the Committee on the Use of Live Animals for Teaching and Research of the University of Hong Kong and carried out in accordance with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (Publication No. 85-23, revised 1996) . Male wild-type (WT) and lipocalin-2 knockout (Lcn2-KO) mice were maintained in a C57BL/6J background. [6] [7] [8] 20 Mice were housed in a room under controlled temperature (23AE1°C) and 12-hour light-dark cycle, with free access to water and standard chow ( 
Production of Lipocalin-2 Protein
Recombinant murine (mlipocalin-2) and human (hlipocalin-2) lipocalin-2 was expressed, purified, and endotoxin was removed as previously described. [5] [6] [7] Purity of the protein was confirmed by SDS-PAGE and mass spectrometry (MS) analysis.
Site-Directed Mutagenesis
The pPRO-His-hLCN2 vector 5 was used to generate a construct pPRO-His-hLCN2-C87A encoding a mutant form of hlipocalin-2 with the cysteine 87 residue replaced by alanine. Primers used for mutagenesis were 5 0 -AGGAC TTTTGTTCCAGGTGCCCAGCCCGGCGAGTTCACG-3 0 (forward) and 5 0 -CGTGAACTCGCCGGGCTGGGCACCTGGAACAAAAGTC CT-3 0 (reverse). The mutation was verified by DNA sequencing.
Quantitative Reverse-Transcription Polymerase Chain Reaction
Quantitation of target genes was performed using SYBR Green polymerase chain reaction (PCR) Master Mix (Qiagen, Hamburg, Germany) and an ABI PRISM 7900 HT Sequence Detection System (Applied Biosystems, Foster City, CA). The sequences of the primers used are listed in Table 1 . Data were calculated and are presented as relative expression of transcripts normalized to GAPDH.
or a nonreducing buffer (1% SDS, 5% glycerol, and 10 mmol/ L of Tris-HCl; pH 6.8) at room temperature for 10 minutes and then separated by SDS-PAGE. 21 Protein bands were visualized by Coomassie Brilliant Blue staining. After transferring to polyvinylidene difluoride (PVDF) membranes, Western blotting was performed by incubating with antibodies (Abs) against mlipocalin-2 or hlipocalin-2, 5 spermidine, spermine, and cytochrome P4502C (Abcam, Cambridge, MA), MMP9 (BD Transduction Laboratories, San Jose, CA) and beta-actin (Cell Signaling, Beverly, MA), respectively. After incubation with secondary Ab, the immune complexes were detected with enhanced chemiluminescence (ECL) reagents from GE Healthcare (Uppsala, Sweden). Albumin detected with Ponceau S staining, or immunoglobulin G probed by Western blotting, was used as a loading control for serum samples. Beta-actin was probed as a loading control for tissue samples. Immune complexes were detected with ECL reagents from GE Healthcare. Total serum lipocalin-2 levels were measured using an in-house ELISA. 
Immunohistochemistry
Paraffin sections (5 lm) were prepared for hematoxylin staining and immunostaining using in-house Abs against mlipocalin-2 or hlipocalin-2. 5, 6 Images were captured and analyzed under a microscope (Leica Microsystems, Bensheim, Germany).
Peptide Mass Finger Printing by Matrix-Assisted Laser Desorption/Ionization Time-of-Flight MS Analysis
Proteins of interest separated by SDS-PAGE were excised and digested in gel with trypsin. 22 Tryptic peptide mixtures were then mixed with an equal amount of a-cyano-4-hydroxycinnamic acid matrix, spotted on the sample plates, and air-dried for analysis on a 4800 matrix-assisted laser desorption/ ionization dual time-of-flight (MALDI TOF/TOF) TM system (Applied Biosystems). All ion spectra were recorded in the positive mode with an acceleration voltage of 20.0 kV. The spectrometer was externally calibrated by use of Cal Mix 2 standard mixture.
Isometric Force Measurement
Mice were anesthetized with pentobarbital sodium (30 
Isothermal Titration Calorimetry Analysis
Molecular Docking
The program AutoDock Version 4.0 (Scripps Research Institute, La Jolla, CA) was used for docking flexible ligands into hlipocalin-2 binding sites. For each ligand, the number of genetic algorithm runs was 80, the population size was set to 150, and the maximal number of energy evaluations was 2 500 000 per run. The grid box was centered on the coordinates 51.294, 100.067, and 35.44 with a spacing of 0.581. All other parameters were kept at their default settings. The protein structure was 3CMP from the Protein Data Bank. Bacterial siderophore was used as a reference. Chemical structures of all ligands were downloaded from Pubchem and modified by Accelrys Discovery Studio Visualizer 2.5 software.
Statistical Analysis
All Western blotting and histological analysis were repeated at least 3 times using different sets of experimental animals. For comparing endothelial functions, statistical calculations were performed by one-way ANOVAs followed by Tukey's multiple comparisons using Prism version 5 (GraphPad Software Inc., San Diego, CA). Statistical calculations for blood pressure differences between WT and age-matched Lcn2-KO mice were compared by Student t test. Mann-Whitney's nonparametric U test was used for evaluating the differences of blood pressure in mice subjected to acute treatment with or without recombinant lipocalin-2 and/or LA, lipocalin-2 levels in mice under standard chow and HFD, and interactions between lipocalin-2 and NEFAs. All values are presented as meansAESEM. For all statistical comparisons, a P value <0.05 was accepted to indicate significant differences.
Results
Lipocalin-2 Protein Is Accumulated in Aortae of Obese Mice With Elevated Blood Pressure
Circulating lipocalin-2 level is significantly elevated in obese humans and genetically obese animals. 5 The present study demonstrated that obesity induced by long-term consumption of HFD in WT mice also caused a significant elevation of circulating lipocalin-2, as revealed by both ELISA and Western blotting analysis ( Figure 1A and 1B). In line with the deterioration of endothelial vasodilator functions, 7 lipocalin-2 protein progressively accumulated in aortic tissues of WT mice receiving a HFD ( Figure 1C ). Positive immunostaining signals of lipocalin-2 were mainly detected in the intima layer of the aortic wall ( Figure 1D ). The mRNA of lipocalin-2 was undetectable in aortae of obese WT mice, suggesting that accumulation of this protein was not the result of local gene expression. The aortic expression of lipocalin-2 receptors and serum adiponectin levels were not significantly different between WT and Lcn2-KO mice ( Figure S1 , upper panel). Radiotelemetry measurement demonstrated that obese mice deficient with lipocalin-2 exhibited significantly lower mean arterial pressure (MAP), systolic blood pressure (SBP), and diastolic blood pressure (DBP) than those of obese WT mice (Table 2) . Moreover, after 8 weeks of HFD, the diurnal rhythms in blood pressure were blunted in WT mice, but maintained in Lcn2-KO mice. HFD-induced arterial inflammation was significantly attenuated by lipocalin-2 deficiency ( Figure S1 , lower panel). These findings suggest that accumulation of lipocalin-2 in arteries of obese mice contributes to the development of dietary obesity-induced endothelial dysfunction and hypertension.
Endogenous Lipocalin-2 Is Polyaminated
Western blotting analysis revealed that in the serum of WT mice fed with standard chow, a single slow-migrating band of lipocalin-2 was detected in SDS-PAGE gel. In serum of WT mice fed with HFD, lipocalin-2 was not only upregulated, but also the protein migrated as a high-(HMW) and a lowmolecular-weight (LWM) species (Figure 2A, left panel) . Lipocalin-2 mainly accumulated as the LMW species in both blood and aortae of WT mice after prolonged HFD ( Figure 1B and 1C). In adipose tissues of WT mice, both HMW and LWM species of lipocalin-2 were detectable, whereas only HMW species was present in liver samples ( Figure 2A , right panel). In Lcn2-KO mice, after intraperitoneal administration of recombinant mlipocalin-2 (left panel) or hlipocalin-2 (right panel), a species equivalent to the injected protein was present in the serum of animals fed either standard chow or HFD ( Figure 2B ). In addition, an immunoreactive protein band with a lower molecular weight was revealed by Western blotting in serum derived from HFD-fed Lcn2-KO mice.
The differences between HMW and LMW species of lipocalin-2 were further investigated. After incubation in KRB buffer for different periods of time, recombinant hlipocalin-2 remained as one species, as revealed by Coomassie Brilliant Blue staining of the SDS-PAGE gels ( Figure 2C , left panel). After prolonged incubation with adipose tissue derived from obese Lcn2-KO mice, which contained no endogenous lipocalin-2, a LMW protein species appeared ( Figure 2C , left panel). In-gel digestion and MS analysis confirmed the identities of both HMW and LMW protein bands as hlipocalin-2. Moreover, the peptides corresponding to NH 2 -and COOH-terminus of hlipocalin-2 were present in both spectra ( Figure S2 ), suggesting that the LMW species was not a cleaved fragment of the HMW species. On the other hand, Figure 2C , right panel), suggesting that this protein is modified by polyamination and that the polyamine groups are removed in the presence of adipose tissue from obese mice. The cluster of the modified peaks also existed in the HMW species of recombinant mlipocalin-2 ( Figure S3 ). Western blotting confirmed that mlipocalin-2 and hlipocalin-2 were both cross-reactive to Abs recognizing the 2 widely . Six hours after treatment, sera were collected and subjected to Western blotting. Purified recombinant protein was included in each gel for comparison. C, Recombinant hlipocalin-2 protein was incubated in KRB solution with or without the adipose tissues derived from obese Lcn2-KO mice for different time points. Protein in solution was then analyzed by SDS-PAGE and Coomassie Brilliant Blue (CBB) staining (left panel). Protein bands were cut for in-gel trypsin digestion and mass spectrometric analysis by MALDI-TOF. 22 Mass finger-printing spectra containing the polyaminated peptide peaks are shown (right panel). D, Purified recombinant mlipocalin-2 and hlipocalin-2 were separated by SDS-PAGE and visualized by CBB staining or Western blotting using antibodies recognizing spermidine or spermine. E, Coimmunoprecipitation was performed to precipitate lipocalin-2 protein from adipose tissue lysates (500 lg, left panel) and concentrated urine sample (right panel) from human subjects. Immune complexes were separated by SDS-PAGE and Western blotting was performed using antibodies recognizing hlipocalin-2 or spermidine. HMW indicates high molecular weight; KRB, Krebs-Ringer bicarbonate; LMW, low molecular weight; MALDI-TOF, matrix-assisted laser desorption/ionization time-of-flight; WT, wild type. distributed aliphatic polyamines, 23 spermidine and spermine ( Figure 2D ). Immunoprecipitation was performed using adipose tissues and urine collected from human subjects. Western blotting confirmed that the precipitated hlipocalin-2 was polyaminated in both adipose tissue and urine (Figure 2E ). Because mlipocalin-2 and hlipocalin-2 showed similar properties, unless specified otherwise, subsequent studies used recombinant hlipocalin-2 and were performed in Lcn2-KO mice to avoid the influence from endogenous lipocalin-2.
LA Promotes Lipocalin-2 Deamidation
The above data demonstrate that human and murine lipocalin-2 are polyaminated. Deamidation (removal of polyamine groups) of lipocalin-2 is facilitated under conditions such as diet-induced obesity. HFD increases circulating levels of NEFAs. 24, 25 Therefore, the effects of individual NEFAs on circulating hlipocalin-2 were evaluated. Recombinant hlipocalin-2 protein was given intraperitoneally to Lcn2-KO mice maintained on standard chow, with or without combined administration of saturated PA, monounsaturated OA, longchain polyunsaturated LA, DHA, or EPA. Two hours after the injection, two strongly immunoreactive protein bands were detected by Western blotting in the serum collected from mice treated with hlipocalin-2 plus LA ( Figure 3A , upper panel). ELISA results revealed that combined administration of hlipocalin-2 and LA significantly elevated the circulating amount of hlipocalin-2 more than 8-fold, when compared to animals injected with hlipocalin-2 alone ( Figure 3A , bottom panel). Protein of hlipocalin-2 remained low or undetectable in sera samples collected from those with combined treatments of other NEFAs. Time-course evaluation by Western blotting demonstrated that combined LA administration prevented the clearance of circulating hlipocalin-2 from Lcn2-KO mice receiving standard chow. Without LA, hlipocalin-2 was undetectable in serum 4 hours after injection. By contrast, deamidated hlipocalin-2 could still be readily detected in serum of mice 12 hours after injection of the protein in combination with LA ( Figure 3B ). Next, in vitro incubation of recombinant protein with sera or tissues derived from Lcn2-KO mice was performed to test the effects of LA on hlipocalin-2 deamidation. After coincubation with serum, adipose tissue, liver, or kidney derived from mice fed standard chow, hlipocalin-2 remained as one species ( Figure 3C) . A small amount of LMW species of hlipocalin-2 appeared when LA was present during coincubation with serum, adipose tissue, and kidney ( Figure 3D ). By contrast, without the addition of LA, a large amount of deamidated hlipocalin-2 was readily formed after incubation with adipose tissue or kidney derived from Lcn2-KO mice fed HFD ( Figure 3E ). Moreover, coincubation with adipose tissue or kidney collected from Lcn2-KO mice treated with LA (intraperitoneal injection) promoted hlipocalin-2 deamidation ( Figure 3F ). Thus, adipose tissue represents a major site for deamidation of hlipocalin-2, which can be facilitated by LA or dietary obesity.
Reduced Interactions Between Deamidated Lipocalin-2 and MMP9
Isothermal titration calorimetry was applied to investigate the molecular interactions between lipocalin-2 and NEFAs. Thermodynamic parameters were measured to indicate binding strength and interaction force. The dissociation constants for the lipocalin-2/NEFA complex at pH 7.4 were 0.487, 2744.343, and 1467.45 lmol/L for LA, PA, and OA, respectively (Figure 4) , suggesting that lipocalin-2 could bind to LA with a stronger affinity than the other two NEFAs. In fact, molecular docking simulation suggested that among all tested FAs, lipocalin-2 possessed the highest binding affinity with LA (Table 3) .
MMP9 and lipocalin-2 form heterodimers. 26 The cysteine 87 (C87) residue of human lipocalin-2 may play a role in covalent binding with MMP9. 27 SDS-PAGE and Western blotting revealed that the hlipocalin-2 mutant, C87A (C87 replaced by alanine), contained a significantly lesser amount of polyamines, when compared to that of WT hlipocalin-2 ( Figure 5A , left panel). Analysis with nonreducing SDS-PAGE demonstrated that the ratio of homodimer/monomer was below 1:10 for WT hlipocalin-2, but over 10:1 for C87A ( Figure 5A , right panel). In addition, C87A formed even higher molecular weight species that contained no polyamine signals. In Lcn2-KO mice, interaction between C87A and MMP9 was significantly decreased, compared to that of WT hlipocalin-2 ( Figure 5B , left panel). Combined treatment with LA also abolished interactions between MMP9 and hlipocalin-2 ( Figure 5B , right panel). In serum of obese humans, interactions between MMP9 and lipocalin-2 were reduced ( Figure S4 ). Binding with LA may contribute to deamidation of hlipocalin-2 and subsequent dissociation from MMP9, or vice versa. The latter possibility was tested in Lcn2-KO mice treated with MMP9 Inhibitor I (MMP9i; 2 lg/mouse) before administration of hlipocalin-2. Although the total amount of hlipocalin-2 in the circulation was significantly augmented, MMP9i did not facilitate deamidation of this protein as efficiently as that of LA ( Figure 5C, upper panel) . In Lcn2-KO mice, the amount of C87A in the circulation was still detectable by Western blotting at 6 hours after treatment. In SDS-PAGE, C87A migrated to the same position as the deamidated lipocalin-2 species in samples from mice subjected to combined treatment with LA and hlipocalin-2 ( Figure 5C, upper panel) . Analysis of aortae derived from these mice revealed a large Figure 3 . Deamidation of lipocalin-2. A, Recombinant hlipocalin-2 was injected intraperitoneally into Lcn2-KO mice under standard chow (SC). Immediately before protein treatment, mice were administered with or without palmitic acid, oleic acid, linoleic acid (LA), DHA, and EPA, respectively. Sera were collected 2 hours after treatment for measuring circulating lipocalin-2 levels by Western blotting (upper panel). ELISA results were shown for sera collected at 6 hours after injection (bottom panel). Murine IgG was probed as a loading control. *P<0.05 versus hlipocalin-2-treated samples; n=12 to 15 in all groups. B, Lcn2-KO mice under SC were treated with hlipocalin-2, combined with or without LA as in (A). At different time points after injection, serum was collected from tail vein and subjected to Western blotting analysis of circulating hlipocalin-2. Albumin, as shown in membrane stained with Ponceau S, was used as the loading control. C, Recombinant hlipocalin-2 (5 lg) was incubated in 100 lL of KRB solution containing serum (5%) or 100 mg of tissues (epididymal fat, liver, or kidney) collected from Lcn2-KO mice (8 weeks of age) under SC. The solution was collected at 1, 2, and 4 hours of incubation and subjected to Western blotting analysis using antibody recognizing hlipocalin-2. D, Recombinant hlipocalin-2 (5 lg) was incubated with serum or tissues as in (C) in the presence of LA (1 mg/well) and analyzed by Western blotting. E, Recombinant hlipocalin-2 (5 lg) was incubated in KRB solution containing serum, adipose tissue, liver, or kidney collected from Lcn2-KO mice (8 weeks of age) under HFD. Western blotting was performed as in (C and D). F, Recombinant hlipocalin-2 (5 lg) was incubated with serum or tissues collected from Lcn2-KO mice (under SC, treated with LA [3 lg/mouse] for 1 hour) as in (C) and analyzed by Western blotting. DHA indicates docosahexaenoic acid; ELISA, enzyme-linked immunosorbent assay; EPA, eicosapentaenoic acid; HF, high fat diet; IgG, immunoglobulin G; KRB, Krebs-Ringer bicarbonate; Lcn2-KO, lipocalin-2 knockout. amount of accumulated C87A, similar to those treated with WT hlipocalin-2 plus LA ( Figure 5C, lower panel) . On the other hand, hlipocalin-2 was barely detectable in aortae of mice given the protein alone. Aortae of mice treated with MMP9i contained 2 species of hlipocalin-2, both of which migrated at a higher molecular weight position than C87A ( Figure 5C , lower panel). Time-course studies revealed that after treatment, C87A remained stable in the circulation of Lcn2-KO mice throughout the 24-hour observation period ( Figure 5D , upper panel). C87A protein mainly accumulated in adipose tissue and aortae ( Figure 5D, lower panel) .
The above results suggest that polyaminated lipocalin-2 binds to MMP9 and is rapidly cleared from the circulation, whereas deamidated lipocalin-2 accumulates in the circulation and tissues, such as the aortae.
Deamidated Lipocalin-2 Causes Endothelial Dysfunction and Hypertension
Next, arterial function in mice treated with polyaminated (WT hlipocalin-2) and deamidated (C87A) lipocalin-2 was evaluated. After in vivo administration to Lcn2-KO mice with recombinant hlipocalin-2 alone, only a small amount of polyaminated lipocalin-2 was detected in aortae ( Figure 5C ), and no significant effects were observed on expression of endothelial NOS (eNOS), cyclooxygenase-2 (COX-2), and cytochrome P450 2C (Cyp2C) ( Figure 6A ). Combined treatment with hlipocalin-2 plus LA or administration of C87A triggered accumulation of a large amount of deamidated lipocalin-2 in aortae of Lcn2-KO mice ( Figure 5C ), accompa- nied by eNOS uncoupling as well as significant induction of COX-2 and Cyp2C ( Figure 6A ). Quantitative PCR (QPCR) analysis revealed that C87A elicited similar proinflammatory effects to combined administration of lipocalin-2 and LA. Expressions of inflammatory genes, including E-selectin, Pselectin, tumor necrosis factor alpha (TNF-a), and intercellular adhesion molecule-1 (ICAM-1), were augmented significantly by both treatments ( Figure 6B ). WT hlipocalin-2, when given alone, had no significant effect on vascular tone responsiveness. However, lipocalin-2 plus LA treatment attenuated ACh-and insulin-induced relaxations (because of activation of eNOS and release of nitric oxide [NO] 7,28 ) in aortae and enhanced ACh-evoked contractions (because of release of endothelium-derived vasoconstrictor prostanoids 29 ) in the carotid artery, whereas administration of the protein or LA alone had no significant effects ( Figure 6C ). Relaxation to sodium nitroprusside (10 À10 to 10 À5 mol/L), an endothelium-independent dilator, was not different between groups ( Figure S5 ). Treatment of Lcn2-KO mice with C87A mutant alone reduced relaxations to ACh or insulin in aortae and augmented contractions to ACh in carotid arteries to a similar extent as changes observed with combined administration of hlipocalin-2 and LA ( Figure 6C ). . After transferring to PVDF membrane, Western blotting was performed to detect spermidine. B, Coimmunoprecipitation was performed using 30 lL of serum from Lcn2-KO mice treated with vehicle, hlipocalin-2, C87A, or hlipocalin-2 plus linoleic acid (LA). Immune complexes were separated by SDS-PAGE and subjected to Western blotting using antibodies recognizing MMP9 or hlipocalin (Lcn2). C, Wild-type hlipocalin-2 or C87A was given to Lcn2-KO mice under standard chow. Before administration of hlipocalin-2, mice were treated with or without MMP9 Inhibitor I (MMP9i; 2 lg/mouse, tail vein injection) or LA (3 mg/mouse, intraperitoneal injection). Six hours after treatment, sera and aortae were collected for Western blotting to evaluate hlipocalin-2 levels. Nonspecific serum IgG and b-actin was probed as the loading controls, respectively. D, Lcn2-KO mice under standard chow were treated with C87A, without combined administration of LA. At different time points after injection, serum was collected from tail vein and subjected to Western blotting analysis of circulating C87A using hlipocalin-2 antibody (upper panel). At the end of treatment, tissues were also collected for analyzing the accumulated C87A protein (lower panel). IgG indicates immunoglobulin G; Lcn2-KO, lipocalin-2 knockout; MMP9, matrix metalloproteinase 9.
Similar treatment was performed in WT mice fed standard chow. As shown in Figure 7A , LA promoted accumulation of endogenous deamidated lipocalin-2 in the blood. After injection, hlipocalin-2 appeared only transiently in the circulation, whereas combined treatment with LA significantly extended the circulating life of hlipocalin-2, especially that of its deamidated species. In aortae, treatment with LA enhanced accumulation of endogenous mlipocalin-2, as well as that of recombinant hlipocalin-2 ( Figure 7B, upper panel) .
QPCR analysis further confirmed that increased accumulation of lipocalin-2 was associated with an augmented expression of inflammatory genes in the aortae ( Figure 7B, lower panel) . In line with the amount of deamidated lipocalin-2 accumulating in the aortic wall, endothelial function was significantly reduced in mice treated with either LA or hlipocalin-2 plus LA ( Figure 7C ). Moreover, this combined treatment caused a significant elevation of MAP, SBP, and DBP in WT mice (Figure 8 ). under standard chow were treated with LA, hlipocalin-2, or hlipocalin-2 plus LA. At different time points after injection, serum was collected from tail vein and subjected to Western blotting analysis of circulating murine (upper panel) or human lipocalin-2 (middle and lower panels) using specific in-house antibodies. 5 Albumin stained with Ponceau S was used as the loading control. B, Aortae were collected from WT mice subjected to different treatments as above. Western blotting was performed for analyzing the amount of endogenous mlipocalin-2 and the accumulation of exogenous hlipocalin-2 (upper panel). b-actin was probed as the loading control. QPCR was performed for gene expression comparison, as described in Materials and Methods (lower panel). C, Aortae were collected from the above treated mice to evaluate relaxations to acetylcholine (ACh) (left panel). Contractions to ACh (in the presence of 10 À4 mol/L of L-NAME) were obtained in quiescent carotid arteries (right panel) of these mice. *P<0.05 versus vehicle control group; n=3 to 5 in all groups. ICAM-1 indicates intercellular adhesion molecule-1; L-NAME, N-nitro-L-arginine methyl ester; PE, phenylephrine; QPCR, quantitative reverse-transcription polymerase chain reaction; TNF-a, tumor necrosis factor alpha; WT, wild type.
(185.9AE17.9 mm Hg), and DBP (176.7AE19.0 mm Hg) of these mice was elevated by 21%, 20%, and 23%, respectively, when compared to vehicle-treated animals. Taken in conjunction, the evidence suggests that increased uptake of NEFAs (in particular, LA), such as during dietary obesity, promotes accumulation of deamidated lipocalin-2 in arteries, which subsequently causes endothelial dysfunction, vascular inflammation, and hypertension.
Discussion
Endothelial dysfunction is an early manifestation of obesity and contributes to progression of overt cardiovascular and metabolic morbidity. 10, 30 In obese subjects, elevated circulating NEFA levels (resulting largely from lipase-mediated hydrolysis of lipoproteins and increased drainage from hypertrophic adipocytes) and abnormal production of adipokines cause impairment of endothelial vasomotor function, in particular, blunting endothelium-dependent vasodilatation. 17, 31, 32 In addition, dietary intake of saturated, monounsaturated, and polyunsaturated fatty acids has a significant effect on distribution of circulating lipids and vascular reactivity. [33] [34] [35] Pharmacological interventions that decrease circulating lipid levels directly improve endothelial function and reduce vascular inflammation. 36 However, the molecular mechanisms underlying impairment of vascular function by NEFAs remain largely unclear. Adipose tissue, especially perivascular adipose tissue, is a major source of adipokines that exert paracrine, as well as endocrine, effects on vasomotor activity. 37 Among them, "good" adipokines, such as adiponectin, promote vasodilatation and endothelial function, whereas "bad" adipokines aggravate obesity-induced endothelial dysfunction and vascular inflammation.
3,38 Lipocalin-2 is such a proinflammatory adipokine upregulated in obese human subjects and animals. 5 In obese mice, lipocalin-2 treatment induces endothelial dysfunction by promoting oxidative stress and eNOS uncoupling. 7 The present study reveals that lipocalin-2 is polyaminated and that the proinflammatory and endothelial damaging effects of this adipokine are mediated by its deamidated form. Adipose tissue represents a major site for lipocalin-2 deamidation, a process that can be facilitated by treatment with LA or HFD. Thus, it is reasonable to conclude that elevated NEFAs in dietary obesity enhance production and function of the proinflammatory form and deamidated lipocalin-2, which negatively modulates endothelial function and vascular tone. The composition of NEFAs, rather than their total amounts, is relevant for endothelial function. Acute treatment with longchain, but not medium-chain, NEFAs attenuates endotheliumdependent vasodilatation. 16 Omega-6 fatty acids, especially LA, cause endothelial cell dysfunction and potentiate TNF-amediated endothelial injury. 39 LA is enriched in LDL cholesterol esters that promote endothelial activation by enhancing expression of adhesion molecules and decreasing eNOS activity. 40, 41 High intake of LA-rich oils or fats leads to cellular oxidative stress and inflammatory responses. 42 The present results from isothermal titration calorimetry analysis demonstrate that lipocalin-2 binds to LA with a higher affinity than those of the saturated PA and monounsaturated OA.
Compared to other members of the lipocalin family, lipocalin-2 displays an unusually large ligand-binding cavity lined with polar and positively charged amino acid residues. 43 Consistent with the present findings, crystal structure analysis reveals that an FA complex is present in the ligand-binding pocket of dimeric hlipocalin-2, but not in that of lipocalin-2 monomer. 43 By binding to the pocket, LA may alter the protein structure of lipocalin-2 and its interactions with other binding partners, such as MMP9, which facilitates deamidation of the adipokine. LA and polyamines may interact with lipocalin-2 by binding to distinct cavities. 44 Deamidated lipocalin-2 has a strong tendency to form homodimers as well as HMW multimers, but shows decreased capacity to form heterodimers with MMP9. On the other hand, polyaminated lipocalin-2 binds to MMP9 and exhibits a much shorter plasma half-life, when compared to deamidated lipocalin-2, indicating that formation of heterodimer with MMP9 facilitates clearance of the adipokine from the circulation. In fact, the circulating level and aortic accumulation of deamidated lipocalin-2 is increased in mice treated with MMP9i. These results suggest that by modulating the polyamine modification of, and protein interactions with, lipocalin-2, LA enhances the stability of this adipokine in the circulation and facilitates its accumulation in the arterial wall. Polyamines are required for normal cellular function through interactions with cellular macromolecules. 23 They are localized within secretory granules of protein-and peptide-secreting cells (such as neutrophils) and are critically involved in the correct biogenesis, homeostasis, and intracellular trafficking of these vesicles. 45, 46 Lipocalin-2 is produced from neutrophils, which contain a variety of granules that are exocytosed at different times to meet the demands, such as adhesion to endothelium (secretory vesicles), migration through basement membranes (gelatinase granules), and phagocytosis, killing, and digestion of microorganisms (specific granules and azurophil granules). 47 Polyamination of this molecule may determine its selective packaging in specific granules and the timing of release during exocytosis of neutrophils. Spermidine and spermine also show high-affinity binding to phospholipids and nucleic acids. Thus, in addition to protein interaction and stability, polyamines may also modulate other biological functions of lipocalin-2, such as its cellular uptake, 48, 49 and its phospholipid remodeling activity. 8 As a carrier, lipocalin-2 may affect polyamine homeostasis within the vasculature. Polyamination of molecules in endothelial cells, such as RhoA, plays an important role in endothelial integrity and function. 50 Because polyamines and NO are originated from the common precursor, arginine, changes of polyamine metabolites may influence the eNOS-NO metabolic pathway. In fact, accumulation of deamidated lipocalin-2 induces eNOS uncoupling, leading to endothelial dysfunction and vascular inflammation. On the other hand, administration of the same amount of WT hlipocalin-2 alone does not affect vascular reactivity, largely because of the lack of deamidation triggers, including NEFAs and obesity. Deamidated lipocalin-2 accumulates in aortae of HFD-fed WT mice, which exhibit deteriorated vasodilator responses, endothelial dysfunction, and elevated blood pressure. 7 Lipocalin-2 is a major gene target for mineralocorticoid receptor, agonists of which are known mediators of vascular insulin resistance and hypertension associated with obesity. 51 In humans, a causal relationship between lipocalin-2 and development of hypertension has been suggested by the association between single-nucleotide polymorphisms in the gene encoding lipocalin-2 (LCN2). 9 Plasma concentration of lipocalin-2 is positively correlated with indices of obesity, insulin resistance, and elevated blood pressure. 5 Lifestyle factors are well known to contribute to obesity-related hypertension. The present study demonstrates that deamidated lipocalin-2 accumulates in arteries and causes vascular derangement, ultimately facilitating the occurrence of arterial hypertension. The findings highlight an important lipid-adipokine interaction mechanism of excess LA intake-mediated lipocalin-2 activation, a pathway that links overnutrition and obesity to hypertensive conditions in human patients. 
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